Background: Myelofibrosis (MF) is characterized by accumulation of stromal cells and
Introduction
Myelofibrosis (MF) is a disorder of the bone marrow characterized by the accumulation of stromal cells and fibrous extracellular matrix which has an adverse effect on the hematopoietic activity (8) . In the majority of the cases the pathologic mechanism including toxic, inflammatory or neoplastic processes is well known. MF usually occurs in advanced phases of myelodysplasia and myeloproliferative neoplasia while some clonal myeloproliferations are dominated by stromal fibrosis following a prefibrotic phase (primary myelofibrosis) (10, 19) .
Classically, the status of the BM and the degree of the fibrotic process is determined by histological evaluation in BM trephine biopsies using reticulin silver staining (also named as Gomori's staining) (5) . This highlights reticulin and collagen fiber deposition and is traditionally applied as a gold standard to determine the MF grade by demonstrating the actual amount of stromal fibers produced by stimulated fibroblasts (18) . Accordingly the activation and proliferation of non-clonal fibroblasts is an important early event during the generation of MF. Fibroblast activity and collagen synthesis is under the control of tissue growth factors, such as transforming growth factor beta (TGF-beta) and platelet derived growth factor (PDGF) (3, 14) . The latter is produced by bone marrow megakaryocytes and stored in the alpha granules of platelets to act physiologically as a cytokine mediator and initiator of tissue reparation. PDGF receptors (PDGFR) are members of the membrane tyrosine kinase family.
Homo-or heterodimers are composed of the subunits PDGFRα and PDGFRβ (6, 7) . The distribution of the PDGF receptor subunits on the surface of different kinds of cells shows lineage dependent variability. PDGFRβ acts as a strong activator of fibroblast proliferation upon ligand binding (12) . As demonstrated by our previous study (2) In the present work we aimed the evaluation of PDGFRβ expression in BM slides using image analysis for the accurate and numeric expression of the immunopositivity. To evaluate different receptor related image parameters, a recently described image analysis algorithm was used (16) , which allowed us to define the "region of interest" (intertrabecular hematopoietic area) in the complexity of the bone marrow biopsies. Within the region of interest the immunopositive areas (brown objects) were defined and characterized by different parameter settings. We assessed the correlation between the PDGFRβ expression related image parameters and the conventional MF grade, determined by reticulin silver staining in 42 bone marrow samples and repeated these analyses in further 37 samples which was not included in the initial pilot set of the study. To objectively demonstrate changes in the PDGFRβ expression during disease follow-up, serial samples taken from the same patients were selected from the latter group for further investigations.
Materials and methods

Bone marrow samples
Altogether seventy-nine trephine biopsy BM samples were selected with different degrees of myelofibrosis determined by the classical reticulin silver staining. All bone marrow specimens were taken at the Hematology Unit of the University of Debrecen for diagnostic purpose.
A pilot set of 10 non-pathologic and 32 pathologic samples from patients with the diagnosis of myeloproliferative neoplasia (14) or myelodysplastic syndrome (18) were selected, representing all stages of myelofibrosis. This pilot set was used for method development and for the selection of the image parameters. The correlation between PDGFRβ related image parameters and established semi-quantitative methods (MF grade and PDGFRβ score) and the spatial distribution of the parameters in samples with different MF grades was evaluated. To validate this method further 37 bone marrow samples with the diagnosis of myeloproliferative neoplasia were selected and evaluated in the same way.
To objectively demonstrate progressive changes in the PDGFRβ expression in followup cases with myeloproliferative neoplasia, serial bone marrow samples taken from different time points from the same patients were selected for further investigation.
Trephine biopsies were fixed for 24 hours in 4% phosphate buffered formaldehyde and decalcified for 48 hours in 1% EDTA. Following tissue processing and paraffin embedding 4um thick slides were cut for further stainings.
Reticulin silver staining
Gomori's reticulin staining was done according to the routine protocol. Slides were incubated in KMnO 4 dilution (0,5%), 1-3% solution of potassium metabisulfite, 2% solution Digitalized images were decompressed to obtain image tiles 768x768 in size which were used for evaluation. The total number of analyzed slides in the pilot set (42 cases) was 1437. The number of tiles per slide ranged between 6 and 147 (the mean tile number was 40.59) which varied according to the size and composition of the biopsy sample. The algorithm for digital measurement of PDGFRβ expression was described in detail earlier (16) . Briefly, image processing was started with the generation of two separated layers (Figure 1.) . The first layer defined IHC related brown staining or "brown layer" while the rest of the hematoxylin stained bone marrow parenchyma was determined as the "violet layer". The brown layer was segmented from the original color images by pixel hue values (hue≤60 and 340≤hue). To distinguish the dark brown pixels representing specific antibody related staining in the cytoplasm of cells from the light brown pixels (unrelated background staining) background SumArea: the sum of the area (pixels) of all brown objects. SumPerimeter: the sum of the perimeter of all brown objects. (15) . Further, we also considered the complexity of the brown objects by calculating the skeleton. SumSkeleton: the sum of the skeleton of all brown objects .The skeleton is the locus of the centers of all maximal inscribed hyper-spheres (i.e., discs and balls in 2D and 3D, respectively). An inscribed hyper-sphere is maximal if it is not covered by any other inscribed hyper-sphere (4). An additional parameter was the weighted Perimeter where the number of cross-points and end-points within the objects were considered (wPerimeter). The more complex network could be expected, the higher wPerimeter was calculated, even if the sumPerimeter itself was not increased due to the attachment of smaller 
Statistical evaluation
Statistical evaluation and graphs were made using the GraphPad Prism software.
Correlation between image parameters and classical MF grades was evaluated in detail. The
Pearson r was calculated with 95% confidence interval, p<0.05 was considered to be a significant correlation, r > 0.75 was considered as strong correlation.
Results
Image processing and validation of PDGFRβ related measurements
Bone marrow biopsy specimens were captured using a slide scanner and the digitalized slides were decompressed into tiles with a uniform size of 768x768 pixels. These images covering the whole slides were applicable for a tile by tile image analysis process.
PDGFRβ related immunopositivity could be clearly represented in tiles of digitalized bone marrow slides independent from the cellular composition of the parenchyma ( 
PDGFRβ image parameters correlation with MF grade
Marked differences were identified in the different MF subgroups defined by the classical semi-quantitative method. To evaluate differences characteristic for MF grades, image parameters calculated for the whole slides were statistically analyzed ( Figure 3 ..
Discussion
PDGFRβ was described as a marker of activated mesenchymal cells, predominantly fibroblasts and was reported to have significant regulatory role in experimental fibrotizing conditions e.g. lung and liver fibrosis (1, 9, 11, 12) . PDGFRβ expressing activated fibroblasts are responsible for matrix fiber production and therefore, their exact demonstration may provide insight into the dynamics of stromal reaction. Increase in PDGFRβ expression in the bone marrow related with the number of activated fibroblasts which correlated tightly with the grade of reticulin fibrosis using a semi quantitative four grade (0-3) microscopic scoring system (Spearman r =0.83; p<0.0001; n=60) (2). The proposed system -similar to the widely used reticulin evaluation scheme -considers mainly the mass and the complexity of the positive objects forming an increasing network in the progressive disease. Our result could be reproduced with the current measurements (Spearman r =0.84; p<0.0001; n=79), although the cases of the two studies showed partial overlap (23 cases were involved in both studies).
Although attempts for the automated assessment of reticulin fibrosis and osteosclerosis have been previously published showing good correlation with the semi-quantitative grading methods (17), these did not gain broad acceptance. In this study we describe a novel approach based on PDGFRβ immunohistochemistry and digitalized slide measurements. Tile-by-tile image analysis on scanned bone marrow sections strongly supported our earlier findings (2).
To address PDGFRβ immunopositivity in digitalized slides several adjustments had to be Area, perimeter and skeleton values of brown objects are all supposed to be influenced by heterogeneity within the bone marrow parenchyma, therefore the total values of the individual tiles were calculated. Accordingly, significant correlation with the MF grade could be stated at the whole slide level ( Table 2 ). Variety in sample size and cellularity made the normalization with the total intertrabecular hematopoietic area (ROI) necessary ( Table 2) Using the above mentioned PDGFRβ related image parameters we were able to demonstrate significant differences between individual MF grades. All of the 13 analyzed parameters were in correlation with the MF grade. Eight parameters (SumArea/ROI, SumPerimeter/ROI, SumSkeleton/ROI, wPerimeter/ROI, Top50Area, Top50Perimeter, Top50Skeleton, Number of objects/Bc) showed strong correlation (Spearman r>0.75) with MF grade and PDGFRβ score as well. We were able to validate significant correlation in a second set of bone marrow samples with 37 specimens stained for PDGFRβ. SumArea, SumPerimeter, SumSkeleton, Number of objects, Number of objects/ROI were in weak correlation with MF grade in initial testing so they were dropped.
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On the basis of our studies, selected PDGFRβ related image parameters proved to be effective to distinguish bone marrow samples with myelofibrosis from the non-fibrotic group (all of the eight parameters in Table 2 . comparing MF0 to M1-3) or to differentiate between mild and advanced fibrosis (all of eight parameters in Table 2 . comparing MF1 to MF 2).
Especially SumArea/ROI; Number of objects/Bc, SumPerimeter/ROI and SumSkeleton/ROI were applicable (p value ranges between <0.0001 and 0.0006). However, none of the applied image parameters represented clear differences between pathologic MF2 and pathologic MF3 grades (advanced fibrosis). It has to be mentioned that MF grades reflect the mass of fibers produced by fibroblasts, while PDGFRβ related parameters indicate the amount of newly generated fibroblast. It can be speculated that fibroblast activation and proliferation precedes fiber production in early lesions. In reverse, activated fibroblast highlighted by PDGFRβ may not be proportionally required in end-stage disease.
In the most advanced phase of myelofibrosis, PDGFRβ positive fibroblasts form a dense network which could be associated with the maximal grade of fibrosis if the process is fully developed. In our study only 6 of the 10 cases with PDGFRβ score 3 showed the most extended fiber accumulation (MF-3). In other cases the fibroblast accumulation reached a maximum level (PDGFRβ score 3) while the fiber accumulation was still in progress and the sample was classified as MF2 (3 cases) or MF1 (1 case).
Bone marrow heterogeneity is well known in myelofibrosis. The bone marrow parenchyma is not uniformly involved by the distribution of activated fibroblasts and extracellular matrix fibers. The classical MF grading is mainly based on the dominant changes occurring in the section while image measurements (depending on the parameters selected) more reflect the mean of all events irrespective of their distribution. From this perspective, it may be difficult to identify finer differences during follow-up studies using a four grade semiquantitative system. The clinical need to assess the status of stromal activation more precisely SumPerimeter/ROI, Top50Area, Top50Perimeter, Number of objects/Bc) can be proposed for the digital image analysis of bone marrow samples stained for PDGFRβ. We believe that parameters introduced here are able to precisely characterize the extent and complexity of immunopositive objects. As such, this approach could also be used for similar immunostainings highlighting network-forming elements, e.g. stroma cells positive for tenascin.
In conclusion, PDGFRβ was found to be a practically useful stromal activation marker, also enabling automatic image analysis. Digital tile based evaluation of PDGFRβ immunostaining reflected significant differences in stromal activity and demonstrated intraparenchymal heterogeneity in different hematopathological conditions of the bone marrow. 
